ABSTRACT: Coral-reef sediment vegetated by seagrasses is usually enriched in organic matter as compared with unvegetated reef sediment. This study focused on comparisons of sediment composition and mob~lity between vegetated and unvegetated sediments of Green Island reef (the Great Barrier Reef, Australia). Seagrass-derived macroscopic debris and amorphous detrital organic matter were especially responsible for the organic enrichment in the seagrass-bed sediment, while carbonate-associated, acid-soluble organic matter was only slightly enriched in seagrass beds. A sediment-trap experiment revealed that particles trapped in the seagrass beds were richer in organic carbon than those collected in the unvegetated area, although the organic carbon flux depended on wind condition rather than vegetation. The trapped organic particles had C N:P ratios similar to the amorphous organic fraction of sediment organic matter, being significantly enriched in N and P as compared with seagrassderived, macroscopic organic fragments. Conservation of N and P during bacterial decomposition of plant-derived organic matter is probably responsible for the enrichment of N and P. The characteristic time scale of the amorphous organic matter turnover by resuspension and deposition was estimated to be tens of days or less, being comparable to or faster than mineralization. These comparisons suggest that seagrass beds effectively enhance sedimentary storage of organic C, N and P, with the turnover of the organic pools being controlled by physical processes as well as by mineralization.
INTRODUCTION
Seagrass beds are widespread over the littoral regions of tropical Pacific and often occur on reef flats and lagoons of fringing and barrier reefs (Mukai 1993) . Coverage with seagrass vegetation modifies the organic carbon storage in reef-flat sediments (Morse et al. 1987 , Moriarty &Boon 1989 . Mechanisms by which seagrass beds modify the organic carbon content in sediment have been postulated: (1) direct supply of organic matter to sediment in the form of rhizomes, fine roots, leaf fragments, and organic exudate from the roots (Klug 1980 , Yamamuro et al. 1993 , (2) selective dissolution of the inorganic (carbonate) fraction of sediment through interaction with respired CO2 from the roots (Tribble et al. 1990 ), (3) entrapment and enhancement of sedimentation of suspended organic matter from overlying sea water by the seagrass leaves (Scoffin 1970 , Ward et al. 1984 , Almasi et al. 1987 , and (4) stabilization against erosion of organically rich sediment surface due to wave energy reduction by the leaf blades and sediment binding by the root system (Wanless 1981 , Fonseca & Fisher 1986 , Fonseca 1989 , Fonseca & Cahalan 1992 . However, since seagrasses may be equally as effective for entrapment and stabilization of inorganic sediment particles as of organic sediment particles, it may be questioned whether the physical modification of deposition environments (i.e. postulations [3] and [4] above) really causes organic enrichment of sediment. So far, there are only a few studies which have addressed the effect of the seagrass bed on the chemical composition of entrapped or resuspended sediment materials. A recent study by Dauby et al. (1995) on a Mediterranean seagrass bed showed that seagrass-derived detritus was resuspended and significantly contributed to the total particle flux over the seagrass bed. Thus, resuspension, migration and resettlement of seagrass-derived organic matter may control the horizontal distribution of organic carbon In sediment.
Increase of organic carbon content in the sediment can also affect cycling of other biophilic elements such as nitrogen and phosphorus. Nitrogen and phosphorus can be stored in the sediment in particulate organic form and as pore-water nutrients. In reef-flat ecosystems where the exchange of water is rapid, the turnover time of C, N and P in the sediment is often several orders of magnitude longer than in the water column (Hatcher et al. 1987) . Hence, by storing large pools of nitrogen and phosphorus in the sediment, seagrass beds may significantly alter the time scale of nutrient cycling.
In this study, we compared chemical composition of sediment, seagrass-derived detritus, suspended organic matter, and trapped sinking particles between seagrass beds and adjacent unvegetated area on the reef flat of Green Island (the Great Barrier Reef) to evaluate the effects of the seagrass beds on transport and distribution of sediment organic matter. We analyzed sediment organic matter after part~tioning it into acid-soluble and acid-insoluble fractions, in order to tentatively distinguish plant-derived detritus from organic matrix originally associated with biogenic carbonate minerals, and compared C:N and C:P ratios to characterize organic matter.
MATERIALS AND METHODS
Study site. This study was conducted in a reef system around a sand cay, Green [145] [146] Fig l ) , in the Great Barner Reef, NE Australia, in October 1996 Air temperature in this month ranged from 21 to 28°C SSE to ESE wind prevalled dunng the study period, with wind speed of 5 to 14 m S ' (Green Island Automatic Weather Statlon) Six sampling stations (A-F) were set along a water stream contour that flowed into the reef flat at the south east edge passed along the north edge of the sand cay, and left off the north west edge of the cay Stns C, E and F were located In seagrass beds, while Stns A, B and D were in unvegetated areas An additional station, Stn M, was In a small gap in the seagrass meadow near Stn E For seawater analysis, an additional water sample was collected at cores were sampled at each station. At the same time, overlying sea water just above the sediment surface was sampled into 10 m1 acrylic plastic tubes. Surface sea water was also sampled by a 5 1 Van-Dorn sampler during high tide from a boat into 10 m1 acrylic tubes (for nutrient analysis) and 10 1 polypropylene bottles (for particulate ~ndlter analysis). The water samples in the 10 m1 tubes were stored at -20°C. From surface water in the 10 1 bottles, 100 m1 was filtered through a glass fiber filter (Whatman, GF/F, 25 mm diameter) to collect particulate matter for chlorophyll analysis, 400 m1 was filtered through a preignited, acid-soaked 47 mm GF/F filter for particulate phosphorus analysis, and 3 to G 1 was filtered through a pre-ignited 47 mm GF/F filter for particulate carbon and nitrogen analysis. Filters for chlorophyll analysis were immediately soaked in N,N-dimethylformamide (DMF, 6 ml) to extract plgments and stored at -20°C until fluorometric analysis. Filter samples for particulate organic matter (POM) were frozen for transportation. Sediment cores were cut into 2 to 4 cm horizontal sections using a stainless-steel spatula. Approximately 50 mg of the top-layer sediments was transferred into DMF (6 ml) to extract chlorophylls. Each section was packed in a polyethylene bag and weighed, then 10 m1 of GF/F filtered, low-nutrient sea water (obtained at Stn P) was added to the bag. After hom.ogenization by hand-shaking, the aqueous fraction in the bag was filtered through a pre-ignited glass fiber filter. The filter with trapped material was returned to the bag that contained the rest of the sediment sample, and the bag was frozen at -20°C for transportation. The filtrate was transferred to a 10 m1 acrylic tube and frozen. The bags were later put in a vacuum oven (50°C), with the contents exposed, to dry to constant weight, and weighed again to calculate water content of the sediments. Macroscopic plant material (live and dead rhizomes, fine roots, large leaf debris) was picked out by forceps and weighed. Plant material and the remainder of the dried sediments were used to analyze for carbon, nitrogen and phosphorus content.
Sediment trap experiment. Triplicate wide-mouthed glass bottles of 13.9 cm2 exposed cross-sectional area and 10 cm height, tied to a peg of ca 30 cm length, were used as sediment traps. The experiment was conducted 4 times at 6 stations (A-F). The bottles were at first filled with surface sea water, then covered with screw caps, and placed directly on the sediment surface. After sediment particles resuspended by trap placement had settled again or flowed away, the caps of the bottles were carefully removed. Traps were exposed for about 24 h. The content of retrieved traps was filtered through a GF/F filter to retain the trapped particles on the filter. The filter was then dried in a vacuum oven (50°C) and weighed. Part of the trapped material was subjected to analyses for organic carbon, nitrogen and phosphorus content.
Chemical analyses. Nutrient concentrations (NO,-, NO2-, NH4+, reactive phosphate) were determined by an autoanalyzer (Technicon, AutoAnalyzer-IITM). For pore-water analysis, nutrient concentrations were calculated accounting for porosity of the sediment and carry-over from the sea water used for pore water extraction. Total dissolved nitrogen and phosphorus were determined as N O 3 and P o d 3 after oxidation by K2S2O8 solution (Grasshoff 1976) , from which inorganic nitrogen and phosphorus concentrations were subtracted to obtain dissolved organic nitrogen and phosphorus concentrations, respectively. For determination of particulate organic carbon and nitrogen, the filters on which suspended particulate matter was collected were dried at 50°C, treated with HC1 vapor overnight to remove carbonate, dried again in vacuo, and analyzed by a CHN analyzer (Fisons, NA-1500). For particulate phosphorus, the filters were treated with 5 % K2S2O8 solution at 121°C for 1 h, and the supernatant was analyzed for reactive phosphorus. Unused acidwashed filters were similarly treated to estimate the filter blank. Chlorophyll a concentration was determined on the DMF extracts by a fluorometer (Turner Design).
To determine organic carbon and nitrogen contents in the sediment samples, 1.00 g of dried sediment was soaked in 5.00 m1 of 4.2 N HCI solution to dissolve carbonate. The solution was well homogenized, and an appropriate portion was passed through a preignited glass fiber filter. The filter was washed with 1 m1 of distilled water, dried at 40°C and analyzed by the CHN analyzer. The values obtained were regarded as the C and N in the acid-insoluble, amorphous organic fraction of the sediment (referred to as Fraction-I). Another pre-ignited GF/D filter (10 mm) was spotted with the filtrate (400 pl) of the above solution, dried at 40°C and analyzed by the CHN analyzer. This was regarded as the acid-soluble organic fraction of sediment (Fraction-S). Organic C and N contents of sediment-trap samples and plant debris picked out of the sediment (referred to as Fraction-D) were determined by the vapor acidification method of Hedges & Stern (1984) , which was slightly modified as follows. The sample was crushed into powder, and a 10 to 50 mg portion was transferred into a small silver container which had been soaked in pure ethanol overnight and dried well. The container was kept in an air-tight container with concentrated HCl for 3 d. A drop of 0.1 N HC1 was added to confirm complete removal of carbonate, then the containers were dried at 40°C and analyzed by the CHN analyzer.
Phosphorus in the sediment samples was fractionated and analyzed as follows. A total of 500 mg of sample was soaked in 10. . . . . . to dissolve carbonate and acid-soluble phosphorus. The solution was well homogenized and passed through an acid-washed GF/F filter (25 mm). Each filter was placed on the bottom of a 30 m1 glass vial, dried at 4OoC, wetted with 400 p1 of 50% (w/v) Mg(NO,), solution, and dried again. The vial was then sealed with aluminum foil and baked at 550°C for 3 h. After cooling, residue in the vial was dissolved with 10.0 m1 of 1.2 N HC1 at 100°C for 1 h, and the supernatant was analyzed for reactive phosphate concentration. This fraction was regarded as acid-insoluble organic phosphorus in sediment (Fraction-I). The filtrate was analyzed for reactive phosphate and total dissolved phosphorus (from which dissolved organic phosphorus concentration was calculated) as described above. The dissolved reactive and organic fractions thus obtained were regarded as total inorganic and acid-soluble organic fractions of phosphoru.~ i.n sediment (the latter bei.ng referred to as Fraction-S). Phosphorus in plant debris (Fraction-D) and sediment-trap samples was similarly analyzed, but the acid-soluble and insoluble organic fractions were collectively referred to as organic phosphorus.
RESULTS
Sediment from Green Island reef consisted of purely coralline and foraminiferous carbonate sand and was virtually devoid of terrigenous particles such as silt and clay. Organic carbon content in sediments of seagrass beds was clearly higher than in sediments of unvegetated areas (Fig. 2, Table 1 ). In the unvegetated area, sediment of Stn A was more depleted in organic carbon (<200 pm01 g-') than sediments of downstream stations (B, D, ?.l; >200 pm01 g-' except for the 6 to 10 cm layer). No significant difference was detected in sediment organic carbon content between seagrassbed stations (C, E, F). Abundant macroscopic plant debris was found in seagrass-bed sediments. Contribution of this macroscopic debris fraction (Fraction-D) to sediment organic carbon was most conspicuous at Stn C (up to 4 9 % for the 2 to 6 cm layer). The debrisfree fraction of the sediment was partitioned into acidsoluble (Fraction-S) and insoluble (Fraction-I) subfractions. Nitrogen of Fraction-D and Fraction-I was essentially organic, while that of Fraction-S included 12 to 29% of N as inorganic forms (mainly NH4+; 7 ran- and the C:P ratio of Fraction-I was generally lower in deeper layers. Dissolved inorganic nitrogen (DIN) and phosphorus (DIP) in sediment pore water were higher in seagrassvegetated areas (especially Stn C) than in unvegetated areas (Fig. 3) . Ammonium was the major component of the pore-water DIN, accounting for >75% in unvegetated areas and >98 % in seagrass beds. Nitrate (NO3-) and nitrite (NO2-) were always ~2 . 0 pM and ~0 . 5 pM, respectively. Concentrations of DIN, particulate organic nitrogen (PON) and dissolved organic nitrogen (DON) in overlying sea water collected at the same stations were 0.37-0.56, 1.11-1.72, and 13.05-15.90 pm01 N 1-l, respectively, domly chosen samples were tested). This NH,' is with 86 to 91 % of total N present in the form of DON. thought to be derived from pore water and adsorbed Similarly, concentrations of DIP, particulate phosphoonto carbonate surfaces. In the case of phosphorus, about 80% of total sediment P was found in the inorganic fraction, which was presumably phosphate included in or adsorbed onto the surface of carbonate noted that, as 12 to 29% of N in Fraction-S was inor-
ganic, correct C:N ratios for the acid-soluble organic Organic C:N and C:P ratios were compared among POM suspended in sea water, trapped sediment, and 3 fractions of bulk sediment in unvegetated areas and seagrass beds (Table 4 ). For C:N they were ordered as POM 5 trap = Fraction-I < Fraction-S < Fraction-D; for C:P they were ordered as POM = Fraction-S < Fraction-
In both unvegetated areas and seagrass beds, the organic C:N ratio of sediment trap sanlples was statistically indistinguishable from that of Fraction-I of bulk sediment, while significantly lower than that of Fraction-S and Fraction-D (Table 4 ). The C:P ra.tio of the trapped sediment was similar to that of Fraction-I in unvegetated area, while different in seagrass beds. rus (PP) and dissolved organic phosphorus (DOP) in sea water were 0.07-0.10, 0.07-0.12, and 0.29-0.37 pm01 P 1-l, respectively, with 60 to 68% of total phosphorus present in the form of DOP. Concentrations of DIN and DIP were higher in the pore water of surface sediment than in overlying sea water; in particular, the concentration gradients of NH,' and DIP across the sediment/water boundary of seagrass beds were very large. Concentration of particulate organic carbon increased downstream (Table 2) . Organic carbon content per unit weight of chl a in POM increased from 240 to >700 downstream. A similar trend was also observed for surface sediment (from 300 to 2400, data not shown). This suggests that chlorophyll-depleted detrital POM as opposed to living phytoplankton beca.me predominant downstream in both POM and sediment organic matter.
Transport of sediment particles by water current was estimated by sediment traps that were put directly on DISCUSSION the bottom at 6 stations (A-F). The experiment was repeated 4 times (first: October 20-21; second: October
The amount of organic carbon contained in the car-22-23; third: October 24-25; fourth: October 27-28).
bonate skeletons of calcareous organisms is quite Visual observation of trapped material revealed that it small, typically <200 pm01 g-' (Johnston 1980 In this study, we demonstrated that organic matter purely coralline and foraminiferous carbonate sand content was actually higher in seagrass-bed sediment (typically <400 pm01 g-l; Thomassin & Cauwet 1985, than unvegetated sediment, and this enrichment was Williams et al. 1985) , as well as sediments from unvegascribed to the macroscopic debris fraction (Fractionetated areas in this study (-200 pm01 g-') are thought D) and the acid-insoluble, amorphous organic fraction to reflect this background value.
(Fraction-I). Fraction-D was clearly derived from seaThe organic carbon content in the sediment of seagrasses. Organic particles of Fraction-I may include grass beds increases by secondary enrichment by
(1) the insoluble fraction of the organic matrix of carorganic matter. Several possible origins of organic bonate skeletons, (2) fragmented detritus a n d fecal matter have been postulated, such as seagrass-derived pellets of herbivores, and (3) POM transported by detritus (Yamamuro et al. 1993) , dissolved organic water current and trapped by seagrass beds. The latmatter excreted by seagrasses and adsorbed by carter 2 processes are primarily responsible for the bonate grains (Suess 1973 , Carter 1978 , and plankenrichment in seagrass-bed sediment. Both leaves tonic organisms and their feces settled from the water and root systems of seagrasses characteristically have column (Thomassin & Cauwet 1985) . Accumulation of a high C:N:P ratio, typically 550:30:1 (Atkinson & organic particles may be enhanced by the entrapping Smith 1983 , Erftemeijer 1994 . In our study, the and stabilizing effects of seagrass vegetation (Fonseca n~acroscopic debris fraction derived from seagrasses & Fisher 1986 , Almasi et al. 1987 , although how the showed an even higher ratio, 3300:60:1. However, the transported organic matter affects the sediment much lower ratio found in Fraction-I (240:22:1) sugorganic matter composition has never been studied.
gests that Fraction-I could not be derived simply by *Data for the unvegetated areas and the seagrass beds are pooled b~o r C:P ratio, total particulate P rather than POP was used as a denominator. Correct P0C:POP ratio would be higher 'Correct C/N ratios for soluble organic fraction of sediment should be 14 to 40% higher than the listed values as 12 to 29% of N in Fraction-S was inorganic, making difference from the sediment-trap samples greater fragmentation of Fraction-D. Microbial decomposition of seagrass fragments is known to raise the nitrogen content of the fragments up to a C:N ratio of -10 by inclusion of bacterial biomass in the fragments (Harrison & Mann 1975 , Peduzzi & Herndl 1991 . It can be supposed that Fraction-I includes such an aged detrital fraction as a major component, especially in the seagrass-bed sediments. The acid-soluble organic fraction (Fraction-S) was not significantly different between seagrass-bed and unvegetated sediments, which implies a marginal role of adsorbed organic matter in the organic enrichment. Fraction-S can thus be supposed to represent a relatively inert organic fraction in the carbonate sediment.
Our data cannot resolve whether POM in sea water and sediment-trap samples was made up of relatively fresh organic particles, such as coral mucus aggregates (Coles & Strath-mann 1973 , Coffroth 1990 ) and plankton, or aged detrital particles resuspended from sediment. However, the amount of organic particles collected by sediment traps markedly differed between calm and windy days, which suggests that the majority of the trapped particles originated from sediment resuspension. The C:N:P ratio of the organic fraction of the trapped particles was similar to that of Fraction-]. Further, the observation that the P0C:chl a weight ratio in the sea water overlying the reef flat ranged from 240 to 830, as opposed to < l 0 0 in the off-reef water, implies that the resuspended aged detritus also represented the major fraction of suspended particulate matter. The organic carb0n:ch.l a ratio of surface sediment was also h.igh (300-2400). It is thus feasible that fine detrital matter represented by Fraction-I was the major source of the trapped organic particles (and perhaps POM) over the seagrass beds.
Resuspended organic particles can be transported by water current that continuously flows in a roughly fixed direction. Hansen et al. (1992) reported that a significant fraction of the products of reef-flat primary produ.ction could be transported as particulate material and reach lagoon sediments at Davies Reef, Great Barrier Reef. Thus, resuspension and transport of sediment organic matter may be a significant path of C, N and P from upstream to downstream compartments of a reef system. To roughly estimate the relative impact of the physical transport of sediment organic matter by resuspension and water current in the reef flat, we simply assume that trapped organic matter was derived from resuspension of Fraction-I and that the upper 10 cm layer of sediment was subjected to resuspension. In the seagrass-bed area, organic carbon collected per day by sediment traps on calm and windy days amounted to 0.6 to 1.5% and 1.7 to 5.9%, respectively, of the organic carbon standing stock of Fraction-I in the upper 10 cm of sediment; that is, the turnover time of Fraction-I organic carbon due to resuspension would be 17 to 170 d under the above assumptions. The turnover time of organic nitrogen and phosphorus should be roughly same as carbon, because the C:N:P ratios of Fraction-I and trapped sediment were similar to each other. These calculations should be regarded as minimal estimates for turnover rates, since our sediment traps could capture only the resuspended sediment particles that had been lifted >1.0 cm above the sediment surface. Further, the sediment layer subjected, to resuspension would actually be thmner, probably < l cm on calm days. Thus it is possible that the organic matter in the top few cm would be more mobile, with a turnover time of the order of 10 d, while that in deeper sediments would be more stable.
Knowledge on the mineralization rate of sediment organic matter is crucial for appreciation of the impact of physical sediment transport on material cycling; if the characteristic time scale for mineralization is considerably shorter than that of physical transport, the latter could have only a marginal role in redistribution of the products of reef-flat primary production. However, information about mineralization rate in reef-flat sediment is very sparse. The turnover times of porewater nutrients in reef-flat sediments have been reported to be of the order of 1 d for NH,' (Boon 1986 , Capone et al. 1992 , Blackburn et al. 1994 ) and several days for Pod3-(Moriarty & Boon 1989) . The standing stocks of sediment organic nitrogen and phosphorus are usually more than 2 orders of magnitude larger than the pore-water ammonium and phosphate. The turnover times of organic N and P due to mineralization would be proportionally longer than those of porewater fractions, i.e. 10' d or longer, if the pore-water ammonium and phosphate are the principal mineralization products in the sediment. This idea may be supported by laboratory decomposition experiments of seagrass leaves which showed that, although initial loss of labile organic carbon was rapid, resistant fiber fractions (including microbial biomass) survived for many weeks (Blum 81 Mills 1991 , Peduzzi & Herndl 1991 , Opsahl & Benner 1993 . Thus, at the first approximation, the characteristic time scales of sediment organic N and P turnover by physical resuspension are similar to or shorter than that of mineralization. It is thus feasible that, at least for relatively refractory fractions derived from seagrasses, sediment organic matter is transported by resuspension and water current without significant mineralization. Hence, physical sediment transport may be one of the most important agents that determine distribution and turnover of the products of reef-flat primary production.
